The aerial parts of terrestrial plants are covered with hydrophobic wax layers, which represent the primary barrier between plant cells and the environment and act to protect plants from abiotic and biotic stresses. Although total wax loads are precisely regulated in an environmental-or organspecific manner, regulatory mechanisms underlying cuticular wax biosynthesis remain largely unknown. In this study, we characterized DEWAX2 (DECREASE WAX BIOSYNTHESIS2) which encodes an APETALA 2 (AP2)/ethylene response element-binding factor (ERF)-type transcription factor and is predominantly expressed in young seedlings, and rosette and cauline leaves. Total wax loads increased by approximately 12% and 16% in rosette and cauline leaves of dewax2, respectively, but were not significantly altered in the stems of dewax2 relative to the wild type (WT). The excess wax phenotype of dewax2 leaves was rescued upon expression of DEWAX2 driven by its own promoter. Overexpression of DEWAX2 decreased total wax loads by approximately 15% and 26% in the stems and rosette leaves compared with those of the WT, respectively. DEWAX2:eYFP (enhanced yellow fluorescent protein) was localized to the nucleus in Arabidopsis roots and hypocotyls. DEWAX2 possessed transcriptional repression activity in tobacco protoplasts. Transcriptome and quantitative real-time PCR analyses showed that the transcript levels of CER1, ACLA2, LACS1, LACS2 and KCS12 were down-regulated in DEWAX2 overexpression lines compared with the WT. Transient transcriptional assays showed that DEWAX2 represses the expression of its putative target genes. Quantitative chromatin immunoprecipitation-PCR revealed that DEWAX2 binds directly to the GCC motifs of the LACS1, LACS2, KCS12 and CER1 promoters. These results suggest that DEWAX2-mediated transcriptional repression may contribute to the total wax load in Arabidopsis leaves.
Introduction
The aerial part of land plants is covered with a lipophilic cuticle, which is critical for their adaptation to terrestrial environments, under conditions such as desiccation, high UV light and attack by pathogens and insects (Riederer and Schreiber 2001 , Kunst and Samuels 2003 , Pollard et al. 2008 , LiBeisson et al. 2013 , Nawrath et al. 2013 , Yeats and Rose 2013 . The cuticle is composed of the outermost epicuticular wax layer, the middle cutin layer embedded with intracuticular waxes and the inner cutin layer. Cutin is a polyester structure, in which oxygenated C16 and C18 hydroxy, epoxy and dicarboxylic fatty acids and glycerols are cross-linked via ester bonds (Pollard et al. 2008 , Li-Beisson et al. 2013 , Schuster et al. 2016 . Cuticular waxes are mainly composed of very long chain fatty acids (VLCFAs; C20-C34) and their derivatives, aldehydes (C26-C30), primary and secondary alcohols (C24-C31), a ketone (C29), alkanes (C25-C33) and wax esters (C38-C48) , Li-Beisson et al. 2013 , Lee and Suh 2015 , Wang et al. 2015 . Cuticular waxes covering the aerial parts of plants form a barrier against non-stomatal water loss and protect against UV radiation and high irradiation (Pfündel et al. 2006 , Buschhaus and Jetter 2012 , Olascoaga et al. 2014 . In particular, cuticular waxes on the stem and leaf surface prevent the adhesion of dust and other debris, and help to form air pockets under the water drops (Barthlott and Neinhuis 1997) . Suberin-associated root waxes help to prevent water diffusion across the suberized cell wall (Schreiber et al. 2005 , Delude et al. 2016 . Cuticular waxes on the petal and fruit surfaces are thought to control transpiration for pollinator attraction and extension of the storage period of fruits, respectively (Leide et al. 2007 , Buschhaus et al. 2015 .
De novo fatty acid biosynthesis, for the production of C16 and C18 fatty acids, occurs exclusively in plastids. The synthesized(KCS), b-ketoacyl-CoA reductase (KCR), b-hydroxyacyl-CoA dehydratase (HCD) and enoyl-CoA reductase (ECR), which catalyze the two-carbon condensation to acyl-CoA, the reduction of b-ketoacyl-CoA, the dehydration of b-hydroxyacyl-CoA and the reduction of enoyl-CoA, respectively (Millar et al. 1999 , Zheng et al. 2005 , Bach et al. 2008 Beaudoin et al. 2009 , Kunst and Samuels 2009 ). In particular, ECERIFERUM 2 (CER2), CER2-like1/CER26, At5g02890, and CER2-like2/CER26-like, which share homology with putative BAHD acyltransferases, are involved in the elongation of C30-C34 VLCFAs in the presence of CER6/KCS6 (Haslam and Kunst 2013 , Lee and Suh 2013 , Li-Beisson et al. 2013 , Pascal et al. 2013 , Xu et al. 2017 . The synthesized VLCFAs are modified by two pathways, an alcoholforming pathway and an alkane-forming pathway. Fatty acid reductase (FAR) and the bifunctional wax synthase/acylCoA:acyltransferase (WSD) catalyze the reduction of VLCFAs to the VLC primary alcohols and the esterification of VLCFAs and VLC primary alcohols to wax esters in the alcohol-forming pathway, respectively (Rowland et al. 2006 , Domergue et al. 2010 ). In the alkane-forming pathway, aldehydes and alkanes from VLCFAs are synthesized by the CER1-CER3-CYTB5 complex, and the generated alkanes are subsequently oxidized to VLC ketones and VLC secondary alcohols by midchain alkane hydroxylase (MAH) ). Finally, cuticular wax components generated at the ER are exported to the plant surface through ATP-binding cassette (ABC) transporters located at the plasma membrane , McFarlane et al. 2010 . Glycosylphosphatidyl-anchored lipid transfer proteins (LTPGs) are also involved in the export of wax molecules, although their exact functions remain unknown (DeBono et al. 2009 , Lee et al. 2009 .
Total cuticular wax loads are precisely regulated by external environment changes and in an organ-specific manner (Holmes and Keiller 2002 , Shepherd and Griffiths 2006 , Seo et al. 2011 , Lee et al. 2016 . Arabidopsis accumulates wax in approximately 2-fold higher amounts under drought conditions, but reduces the total wax load by approximately 20-30% under dark conditions , Seo et al. 2011 ). In addition, Arabidopsis deposits >10-fold higher wax loads in stems than in leaves. Although cuticular wax biosynthesis is known to be controlled transcriptionally, post-transcriptionally and post-translationally (Lee and Suh 2015) , the characterization of transcription factors, such as WAX INDUCER 1 (WIN1)/SHINE 1 (SHN1), MYB16, MYB30, MYB94, MYB96, MYB106, WRINKELD4 (WRI4) and DECREASE WAX BIOSYNTHESIS (DEWAX), has revealed that transcriptional mechanisms are crucial for the regulation of cuticular wax biosynthesis in Arabidopsis (Aharoni et al. 2004 , Raffaele et al. 2008 , Seo et al. 2011 , Oshima et al. 2013 , Lee and Suh 2015 , Park et al. 2016 . The R2R3-type MYB transcription factors, MYB96 and MYB94, are induced by drought and ABA, and have an additive function in the up-regulation of wax biosynthesis by binding directly to the promoters of KCS1, KCS2/DAISY, KCS6, CER2, CER1, CER3 and WSD1 under drought conditions (Lee et al. 2016) . More recently, the identification of two APETALA 2 (AP2)/ethylene response element-binding factor (ERF) transcription factors, WRI4 and DEWAX, has helped to elucidate the molecular mechanisms underlying cuticular wax biosynthesis in plant organs. WRI4 is predominantly expressed in stems and up-regulates the expression of LACS1, KCR1, PAS2, ECR and WSD1, in addition to PKP1, PKP2, PDH-E1a, BCCP2 and ENR1, which are associated with fatty acid biosynthesis. The elevated expression of its target genes caused an increase in total wax loads in Arabidopsis stems (Park et al. 2016) . Conversely, DEWAX negatively regulates wax accumulation by repressing CER1, LACS2, ECR and FAR6 during daily light and dark cycles, and is also involved in the down-regulation of leaf wax loads .
In this study, the in planta role of DEWAX2, which encodes an AP2/ERF transcription factor, was investigated to elucidate the molecular mechanisms underlying the precise control of total wax loads on plant surfaces. We revealed that DEWAX2 negatively regulates cuticular wax biosynthesis by down-regulating LACS1, LACS2, KCS11, and CER1 via direct binding to their gene promoters. In particular, a wax-increasing phenotype in dewax2 leaves relative to the wild type (WT) suggests that DEWAX2 is involved in the down-regulation of total wax in Arabidopsis leaves, which accumulate lower levels of wax in cuticles than in stems.
Results

Expression of Arabidopsis DEWAX2 encoding an AP2/ERF transcription factor
To expand our knowledge on the transcriptional regulation of cuticular wax biosynthesis in Arabidopsis, we searched candidate genes encoding transcription factors that contribute to the down-regulation of cuticular wax biosynthesis. Based on Arabidopsis transcriptome analysis (http://bar.utoronto.ca/ efp/cgi-bin/efpWeb.cgi), four genes encoding an AP2/ERF transcription factor, which showed higher expression in the stem epidermis than in stems, and in rosette leaves than in stems, were isolated. The DEWAX gene was used as a control . Quantitative real-time PCR (qRT-PCR) analysis revealed that the transcript levels of all genes in the stems, stem epidermal peels and leaves were consistent with the observations from Arabidopsis transcriptome analysis. In particular, transcript levels of the At5g07580 gene were approximately 18-and 4-fold higher in the stem epidermis than in stems, and in rosette leaves than in stems, respectively (Fig. 1A, B) . Following the functional characterization of this gene, we named it DECREASED WAX BIOSYNTHESIS2 (DEWAX2), which is involved in the down-regulation of cuticular wax biosynthesis in Arabidopsis.
In addition, the levels of DEWAX2 transcripts were approximately 8-and 6-fold higher in 10-day-old seedlings and cauline leaves, respectively, and approximately 4-fold higher in rosette leaves than in stems (Fig. 1C) . Similarly, b-glucuronidase (GUS) expression under the control of the DEWAX2 promoter was detected in a 10-day-old seedling, cauline and rosette leaves, and sepals. Furthermore, weak GUS staining was detected in the middle part of a 10 cm long inflorescence stem, whereas no or limited GUS expression was observed in the upper and bottom parts of 10 cm long inflorescence stems, siliques walls (except for the ends) and developing seeds (Fig. 1D) .
Cuticular wax composition and load in dewax2, complementation lines of dewax2 and DEWAX2 overexpression lines
To investigate the in planta function of DEWAX2 in Arabidopsis, we isolated a dewax2 knock-out mutant (CS300941), which was obtained from the Arabidopsis Biological Resource Center (ABRC) (Supplementary Fig. S1A ). To generate complementation lines of dewax2 and DEWAX2 overexpression lines, the DEWAX2 gene driven by its own promoter and the Cauliflower mosaic virus (CaMV) 35S promoter was expressed in Arabidopsis dewax2 and WT plants, respectively. PCR analysis of genomic DNA showed that T-DNA was not only inserted in the dewax2 mutant genome, but more specifically interrupted the DEWAX2 gene. However, T-DNA integration was not observed in the WT ( Supplementary Fig.  S1B ). In complementation lines (C1 and C2), both PCR products amplified by the DEWAX2_ScF and DEWAX2_SmR primer set and 08,409 and DEWAX2_SmR primer set were detected, indicating that the DEWAX2 gene driven by its own promoter was integrated into the Arabidopsis dewax2 genome ( Supplementary Fig. S1B ). The PCR products amplified by the CaMV35S_Pro and DEWAX2_SmR primer set in overexpression lines (OX1, OX2 and OX3) were observed in overexpression lines (OX1, OX2 and OX3), indicating that the DEWAX2 gene driven by the CaMV 35S promoter was integrated into the Arabidopsis WT genome (see Supplementary Fig. S1B ).
RT-PCR analysis revealed the presence of DEWAX2 transcripts in WT, complementation and overexpression lines, but not in dewax2 (Supplementary Fig. S1C ). In particular, the expression of DEWAX2 increased in the overexpression lines OX1, OX2 and OX3 relative to the WT ( Supplementary  Fig. S1C ). No marked changes in the growth and development of dewax2 were observed; however, DEWAX2 OX lines exhibited retarded growth, delayed flowering time and reduced fertility, compared with the WT (Supplementary Fig. S1D ).
To examine the role of DEWAX2 in the accumulation of cuticular wax, the wax composition and amount were measured in rosette and cauline leaves, stems and siliques of WT, dewax2, C1, C2, OX1, OX2 and OX3 plants using a gas chromatograph with a flame ionization detector (GC/FID). Chemical analysis of wax revealed that total wax loads increased by approximately 12% and 16% in dewax2 rosette and cauline leaves relative to the WT, respectively. There was a prominent increase in the levels of C29 and C31 alkanes. Wax chemical analysis of C1 and C2 revealed that the elevated wax phenotype of dewax2 rosette and cauline leaves was fully restored to the WT ( Fig. 2A, B ; Supplementary Fig. S2 ). However, no noticeable differences in the amount of cuticular wax or its composition were observed in the stems and siliques of dewax2 compared with the WT (Fig. 2C, D ; Supplementary Fig. S2 ). In contrast to the chemical wax phenotype of dewax2, a substantial decrease in total wax load was observed in rosette and cauline leaves, stems and siliques, and stems of OX1, OX2 and OX3 relative to the WT. Alkane levels were clearly reduced in all organs tested. The levels of C28 primary alcohols in rosette and cauline leaves and stems, and the C29 ketone in stems and silique walls, decreased by approximately 25-50% ( Fig. 3 ; Supplementary  Fig. S3 ). However, no significant differences in the amounts and composition of cutin monomers were observed in dewax2, OX1 or OX2 compared with the WT ( Supplementary  Fig. S4 ).
Ultrastructure of the cuticle and cuticular transpiration assay in WT, dewax2 and DEWAX2 overexpression lines
Based on the altered amount of cuticular wax in the stems of dewax2 and DEWAX2 OX1 lines compared with the WT, we examined the ultrastructure of the cuticle using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Although no noticeable crystal changes in cuticular wax were observed in dewax2 compared with the WT, the amount of total wax crystals was reduced and columnar-shaped wax crystals were thinner in DEWAX2 OX1 than in the WT (Fig. 4A) . However, no marked changes were observed in the ultrastructure of the cuticle layers in the stems of dewax2 and DEWAX2 OX1 relative to the WT ( Supplementary Fig. S5 ).
To investigate whether changes in the amount of cuticular wax influences the cuticular transpiration rate in WT, dewax2 and DEWAX2 OX plants, leaves were dark-acclimated for 12 h and saturated with water for 1 h in the dark prior to the measurement of water loss. The loss of epidermal water vapor was slightly slower in dewax2, and much faster in OX1 and OX3 Fig. 2 Cuticular wax composition and amounts in rosette (A) and cauline (B) leaves, stems (C) and siliques (D) of Arabidopsis WT, dewax2 and DEWAX2 complementation lines (C1 and C2). Cuticular waxes were extracted from 5-week-old plants with chloroform and analyzed using gas chromatography. Error bars indicate ± SE from five independent experiments. (A, B), Data were statistically analyzed using a one-way ANOVA with post-hoc Tukey HSD test test (P < 0.01). (C, D) Data were statistically analyzed using Student's t-test (*P < 0.01). *, statistical differentiation relative to the WT. than in the WT (Fig. 4B) . Chl leaching occurred rapidly in OX lines, but slowly in dewax2 relative to the WT (Fig. 4C ).
Subcellular localization of DEWAX2:eYFP in transgenic Arabidopsis roots and hypocotyls, and transcriptional activity of DEWAX2 in tobacco protoplasts
To examine the functional location of DEWAX2 in subcellular organelles of Arabidopsis, a binary vector construct harboring DEWAX2:enhanced yellow fluorescent protein (eYFP) driven by the CaMV 35S promoter was introduced into Arabidopsis. Kanamycin-resistant seedlings were selected and subsequently visualized under a confocal laser scanning microscope (TCS SP5 AOBS/Tandem laser confocal scanning microscope, Leica). Florescence was observed in the nuclei of roots and hypocotyls from 10-day-old transgenic Arabidopsis seedlings (Fig. 5A) . In addition, to investigate whether DEWAX2 harbors transcriptional activity, an effector construct containing DEWAX2 under the control of a promoter harboring the Gal4 DNAbinding domain (GBD) was generated (Fig. 5B) . Two other effector constructs, GBD and VP16 harboring a transcriptional activation domain (He et al. 2005) , and a reporter construct containing a LexA-binding site, a Gal4-binding site and a CaMV 35S minimal promoter upstream of the coding sequence of the luciferase (LUC) gene, were used in a transactivation assay with tobacco protoplasts (Fig. 5B) . As shown in Fig. 5C , DEWAX2 was able to suppress transcriptional activation by VP16 by approximately 50%, indicating that DEWAX2 plays a role in transcriptional repression.
The expression of LACS1, LACS2, KCS12 and CER1 was down-regulated by DEWAX2 by direct binding to their gene promoters A decrease in total wax load in DEWAX2 OX, but an increase in dewax2, prompted us to isolate putative target genes regulated by DEWAX2. We performed a microarray analysis with OX1 and WT stems using Arabidopsis ATH1 gene chips. The transcriptome data showed that 1,309 and 1,411 genes were up-and down-regulated >2-fold in OX1 compared with the WT, Fig. 3 Cuticular wax composition and total wax loads in rosette (A) and cauline (B) leaves, stems (C) and siliques (D) of Arabidopsis WT and DEWAX2 overexpression lines (OX1, OX2 and OX3). Cuticular waxes were extracted from 5-week-old plants with chloroform and analyzed using gas chromatography. Error bars indicate ± SE from five independent experiments. Data were statistically analyzed using an ANOVA with posthoc Tukey HSD test (P < 0.01).
respectively (E-MTAB-5980). We focused on six genes involved in cuticular wax synthesis and transport, ACLA-2, LACS1, LACS2, KCS12, CER1 and WSD-like, which were 2-fold down-regulated in OX1 relative to the WT (Supplementary Table S1 ). When their transcript levels were examined by qRT-PCR, the expression of five genes, with the exception of WSD-like, was significantly down-regulated by approximately 1.5-to 4-fold in OX1 leaves compared with the WT (Fig. 6A) . In addition, the expression of ACLA-2, LACS1, LACS2, KCS12 and CER1 was downregulated by approximately 20-30% in the leaves of DEWAX2 OX1, but was significantly up-regulated in the leaves of dewax2 relative to the WT (Fig. 6B) , suggesting that DEWAX2 negatively affects the expression of genes involved in cuticular wax biosynthesis.
To investigate whether DEWAX2 interacts directly or indirectly with the promoter regions of putative target genes, we performed transient LUC expression assays in Nicotiana benthamiana protoplasts. First, we constructed the effector and reporter vectors. A pPZP212 binary vector was used to construct two effector vectors, NONE and DEWAX2, which lacked and contained the coding region of DEWAX2 between the CaMV 35S promoter and nopaline synthase (NOS) terminator, respectively. For each reporter construct, the firefly LUC gene was expressed under the control of the promoter and the 5 0 -untranslated region (UTR) of each gene. After the GUS construct (pBI221 vector) carrying reporter and effector constructs was co-transformed into the N. benthamiana protoplasts, LUC activity was normalized by GUS activity (Fig. 6C) . LUC activity in the protoplasts transformed with the DEWAX2 effector construct and each LACS1, LACS2, KCS12 or CER1 reporter construct was decreased >2-fold compared with the control, which was transformed with the DEWAX2 effector construct and the NONE effector construct. However, no significant differences in LUC activity were observed in the protoplasts transformed with the DEWAX2 and ACLA-2 constructs relative to the control. These results indicate that DEWAX2 down-regulates the expression of its target genes via direct interaction with their promoter regions (Fig. 6D) .
To investigate whether DEWAX2 binds directly to putative cis-elements present in the promoter regions of its target genes, we performed quantitative chromatin immunoprecipitation (ChIP)-PCR analysis. Based on a previous report showing that AP2/ERF transcription factors bind to GCC or GCC-like motifs (Magnani et al. 2004 ), we searched the putative cis-elements in the promoter regions of LACS1, LACS2, KCS11 and CER1 genes (http://www.dna.affrc.go.jp/PLACE/) and subsequently designed gene-specific primers as shown in Fig. 7A and Supplementary Table S2 . For quantitative ChIP-PCR, genomic DNA was isolated from Arabidopsis seedlings overexpressing DEWAX2:eYFP or eYFP driven by the CaMV 35S promoter, immunoprecipitated with green fluorescent protein (GFP) antibodies, and subjected to qRT-PCR. As shown in Fig. 7B , we found that DEWAX2 was enriched in LACS1-A, LACS2-A, KCS12-A and CER1-C promoter regions, indicating that DEWAX2 is able to bind directly to the canonical GCC or GCC-like motifs of its target gene promoters (Supplementary  Table S3 ).
Discussion
It has been considered that cuticular wax biosynthesis is mainly controlled at the transcriptional level. However, limited evidence is available on the molecular mechanisms underlying the down-regulation of wax biosynthesis. Recently, Go et al. (2014) observed that total wax loads increased in the stems and leaves of dewax, but decreased in those of DEWAX OX plants compared with the WT. Cuticular wax biosynthesis was found to be negatively regulated by a diurnally controlled DEWAX transcription factor during daily dark and light cycles . In this study, we revealed that an AP2/ERF transcription factor, DEWAX2, functions as a negative regulator in cuticular wax biosynthesis via direct binding to the promoter regions of LACS1, LACS2, KCS12 and CER1 genes in Arabidopsis. In addition, we showed that DEWAX2 plays a role ) qRT-PCR analysis of genes involved in wax biosynthesis in the stems of WT and DEWAX2 OX1. Total RNA was extracted from the stems of 4-week-old Arabidopsis. Error bars indicate ± SD from three independent experiments. Data were statistically analyzed using Student's t-test. *, statistical differentiation compared with the WT. *P < 0.01. (B) qRT-PCR analysis of genes involved in wax biosynthesis in the leaves of WT, dewax2 and DEWAX2 OX1. Total RNAs were extracted from leaves of 4-week-old Arabidopsis. Error bars indicate ± SD from three independent experiments. Data were statistically analyzed using an ANOVA with post-hoc Tukey HSD test (P < 0.05). (C) Schematic diagram of effector and reporter constructs. In the effector construct, the DEWAX2 gene was cloned between the CaMV 35S promoter (CaMV35SP) and the nopaline synthase terminator (N-T). In the reporter construct, the luciferase (LUC) gene was inserted between each gene promoter region and N-T. The numbers indicate the promoter and 5 0 -untranslated regions of each gene. (D) Transcriptional activity assays in tobacco leaf protoplasts. Tobacco leaf protoplasts were co-transformed with reporter and effector constructs, and LUC and GUS activities were measured using a luminescence reader (GLOMAX-20/20). GUS activity was used to normalize LUC activity. Error bars indicate ± SD from three independent experiments. Data were statistically analyzed using Student's t-test. *, statistical differentiation compared with control (None). *P < 0.01.
in the down-regulation of wax biosynthesis in Arabidopsis leaves by providing evidence of preferential expression of DEWAX2 in rosette and cauline leaves, and of a wax-increasing phenotype in the leaves of dewax2 compared with the WT.
The increased transcription of genes involved in cuticular wax biosynthesis and transport in stem epidermal peels compared with stems suggests that the transcriptional regulation of cuticular wax biosynthesis might be crucial in Arabidopsis (Suh et al. 2005) . Transcription factors, which are induced under drought conditions and expressed in specific organs, regulate cuticular wax biosynthesis (Aharoni et al. 2004 , Raffaele et al. 2008 , Seo et al. 2011 , Lee et al. 2016 , Park et al. 2016 . For example, overexpression of WIN1/SHN1, which is induced in response to drought, confers drought tolerance in Arabidopsis through the up-regulation of cuticular wax biosynthesis (Aharoni et al. 2004 ). The ABA-and drought-inducible MYB96 factor up-regulates wax biosynthesis in Arabidopsis and Camelina sativa under drought stress conditions (Seo et al. 2011 , Lee et al. 2014 ). According to Park et al. (2016) , WRI4, which is predominantly expressed in Arabidopsis stems, activates cuticular wax biosynthesis by enhancing the expression of genes involved in fatty acid and wax biosynthesis in stems, but not in leaves. In the present study, the expression of DEWAX2 was approximately 18-fold higher in stem epidermal peels than in stems (Fig. 1) . Evidence of DEWAX2-mediated repression of the LUC reporter gene in tobacco leaf protoplasts (Figs. 5C, 6C ) and the wax-deficient and wax-increasing phenotypes in DEWAX2 OXs and dewax2 relative to the WT, respectively (Figs. 2, 3) , strongly indicate that DEWAX2 functions negatively in the transcriptional regulation of cuticular wax biosynthesis in Arabidopsis.
Wax chemical analysis revealed that a significant decrease in alkane levels contributed substantially to the reduced total wax loads in DEWAX2 OX leaves compared with the WT (Fig. 3) . The previous observations support that this is closely related to the down-regulation of LACS1, LACS2 and CER1, which are target genes of DEWAX2 and are involved in the synthesis of VLCFAs and cuticular waxes. Aarts et al. (1995) reported that the expression of CER1 was markedly higher in stems, flowers and fruits than in leaves. A similar result was observed for the expression of LACS1 and LACS2 (Zhao et al. 2010) . In transgenic Arabidopsis expressing the GUS reporter gene driven by the CER1 promoter, GUS expression was detected in the epidermis of aerial organs (Bourdenx et al. 2011) . Additionally, the GUS gene under the control of the LACS1 and LACS2 promoters was strongly expressed in the epidermal cells of the stem ). Ectopic expression of CER1 activates the biosynthesis of VLC alkanes, which are composed of 50-70% of the total wax amount in Arabidopsis leaf and stem (Bourdenx et al. 2011 ). On the other hand, disruption of both LACS1 and LACS2 caused a remarkable decrease in the levels of all wax components including VLC alkanes, aldehydes, ketone, primary and secondary alcohols and wax esters, except VLCFAs longer than 24 carbons ).
Arabidopsis harbors 122 putative AP2/ERF genes, which contain a conserved AP2/ERF domain that is required for DNA binding (Nakano et al. 2006 ). An AP2/ERF transcription factor, DEWAX2, is classified in the IX subgroup with DEWAX, AtERF5 and AtERF6 in the phylogenetic tree of AP2/ERF transcription factors, and is closely related to DEWAX (Supplementary Fig. S6A ; Nakano et al. 2006 , Son et al. 2012 , Dubois et al. 2013 ). DEWAX2 and DEWAX share approximately 70% homology on their amino acid level ( Supplementary Fig. S6B ). The patterns of DEWAX and DEWAX2 expression in the leaves, stem and stem epidermal peels were similar, although their expression levels were different ; Supplementary Fig. S6 ). Although both DEWAX2 and DEWAX act as transcriptional repressors, no ERF-associated amphiphilic repression (EAR) motifs, (L)/ (F)DLN(L)/(F)(x)P, have been identified in their amino acid sequences (Ohta et al. 2001 . However, an acidictype activation motif, EDLL, was observed in the N-terminal region of DEWAX2 and DEWAX (Tiwari et al. 2012 . Therefore, the mechanism through which DEWAX2 negatively regulates the expression of genes involved in wax biosynthesis should be investigated. Recently it was reported that DEWAX acts as a transcriptional activator that up-regulates the expression of the defense-related genes PDF1.2a, IGMT1 and PRX37. Overexpression of DEWAX was found to increase tolerance to Botrytis cinerea in Arabidopsis and C. sativa (Ju et al. 2017) . Up-regulation of defense-related genes was also observed in DEWAX2 OX compared with the WT (E-MTAB-5980). Therefore, it would be interesting to examine whether or not DEWAX2 also acts as a transcriptional activator (Ju et al. 2017) .
AP2/ERF transcription factors interact with cis-regulatory elements, such as the GCC-motif (GCCGCC), GCC-like motif (GGTGCC, CTGCGTGCC) and DRE/CRT (A/GCCGAC) (Hao et al. 1998 , Fujimoto et al. 2000 , Magnani et al. 2004 , Park et al. 2016 . Furthermore, some AP2/ERF transcription factors, including DEWAX2, harbor the conserved amino acid residues alanine and aspartate, which are critical for binding to the GCC motif (Liu et al. 2006) . Quantitative ChIP-PCR analysis revealed that DEWAX2 directly binds to the classic GCC motif (AGCCGCC) or its variants in the promoter regions of LACS1, LACS2, KCS11 and CER1 ( Fig. 7; Supplementary Table  S3 ). In particular, LACS2 and CER1 are common target genes of DEWAX and DEWAX2 ). Among three GCC or GCC-like motifs in the CER1 promoter, DEWAX and DEWAX2 preferentially interact with the 'A and B' regions and 'C' region, respectively ( Fig. 7B ; Go et al. 2014) , suggesting that DEWAX and DEWAX2 might function additively or synergistically in the transcriptional repression of common target genes.
During the development of plant organs and tissues with different functional characteristics in Arabidopsis, total wax accumulates to levels >10-fold higher in the stem than in the leaves (Suh et al. 2005) . Although higher levels of cuticular waxes in stems compared with leaves, and the presence of epicuticular wax crystals on stems were thought to prevent insects from climbing on the plant surfaces (Whitney et al. 2009 ), it remains unclear how plants control wax loads in various organs. Go et al. (2014) suggested that down-regulation of cuticular wax biosynthesis in Arabidopsis leaves may be mediated by a DEWAX transcriptional repressor. Recently WRI4 was reported to function as a transcriptional activator in fatty acid and wax biosynthesis in Arabidopsis stems (Park et al. 2016) . In the present study, the levels of DEWAX2 transcripts were approximately 4-fold higher in leaves than in stems (Fig. 1B) , and a wax-increasing phenotype was observed only in the leaves of the dewax2 mutant (Fig. 2) . A recent Arabidopsis microarray analysis (http://bar.utoronto.ca/efp/cgi-bin/ efpWeb.cgi) showed that the transcript levels of DEWAX2 target genes are approximately 2-to 6-fold lower in leaves than in stems. These observations suggest that the lower expression of LACS1, LACS2, KCS12 and CER1 in leaves compared with stems and other organs might be related to DEWAX2-mediated transcriptional repression. Lines of evidence indicate that a transcriptional regulatory mechanism, which is mediated by organ-specific or predominantly expressed transcriptional factors, may be important in determining the total wax loads in various Arabidopsis organs.
Because more than half of the total fatty acid content synthesized in the stem epidermal cells is secreted to the plant surface for the synthesis of cuticle components (Suh et al. 2005) , the regulation of cuticular wax biosynthesis is required for optimal growth and development of Arabidopsis. In this study, we revealed that DEWAX2, which encodes an AP2/ERF transcription factor, represses the expression of LACS1, LACS2, KCS11 and CER1 by binding directly to their promoters, leading to a subsequent reduction in total wax load and an increase in the cuticular transpiration rate in Arabidopsis. In addition, DEWAX2, which is preferentially expressed in leaves and negatively regulates cuticular wax biosynthesis, is involved in controlling total wax load in leaves, which deposit relatively lower wax amounts than stems and silique walls. This study enhances our understanding of the regulation of cuticular wax biosynthesis in Arabidopsis.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana (ecotype Columbia-0) and a T-DNA-inserted dewax2 mutant (CS300941) were obtained from the ABRC. Surface-sterilized seeds were germinated on 1/2 Murashige and Skoog (MS) medium supplemented with 1% sucrose and 0.6% phytoagar (Duchefa). The germinated Arabidopsis and tobacco seedlings (N. benthamiana) were grown on soil mixed with perlite and vermiculite under long-day conditions (16 h/8 h, light/dark) at 24 ± 2 C.
Total RNA isolation and gene expression analysis
To investigate the expression of the DEWAX2 gene, total RNA was isolated from 10-day-old Arabidopsis seedlings, and rosette and cauline leaves, stems, stem epidermal peels, flowers and siliques from 4-or 5-week-old Arabidopsis using the Nucleospin RNA Plant Extraction Kit according to the manufacturer's recommendations (Macherey-Nagel). Reverse transcription was processed using Gostrip TM Reverse Transcriptase (Promega), and qRT-PCR was carried out using SYBR Green I Master Mix (KAPA) on a CFX96 Real-Time PCR system (Bio-Rad). The PP2A (At1g13320) gene was used for normalization (calculation of dCt) (Czechowski et al. 2005 ) and the DEWAX2 gene in stems served as the calibrator (calculation of ddCt). Gene-specific primers are listed in Supplementary Table S2 .
GUS expression analysis
Amplified DNA fragments of the DEWAX2 promoter region (approximately 1.9 kb) were cloned in the pBI101 binary vector. The transgenic seedlings were selected on 1/2 MS medium including 100 mg ml -1 carbenicillin and 25 mg ml -1 kanamycin. Based on the protocol described by Jefferson et al. (1987) , organs from transgenic plants were incubated in GUS staining buffer at 37 C. After Chls were removed through the serial ethanol extraction process, stained samples were visualized using a light microscope (L2, Leica) or crosssectioned into 20 mm sections using a MT990 microtome (RMC) after stained stems and rosette leaves were embedded in Spurr's resin (Ted Pella Inc.).
Generation of DEWAX2 overexpression lines and complementation of the dewax2 mutant
To generate transgenic Arabidopsis overexpressing DEWAX2, DEWAX2 cDNA was amplified using gene-specific primers and inserted between SmaI and BamHI sites of the pPZP212 vector, which harbors the CaMV 35S promoter, eYFP and the terminator of the NOS gene. The generated vector was named 'CaMV35SP::DEWAX2:eYFP'. To generate transgenic dewax2 expressing DEWAX2 under the control of its own promoter, the approximately 2 kb promoter region of the DEWAX2 gene was amplified using gene-specific primers and cloned into the HindIII and SalI sites of the pBI101 vector. The resultant vector was named 'DEWAX2P::GUS'. The recombinant vectors CaMV35SP::DEWAX2:eYFP and DEWAX2P::GUS were transformed into Agrobacterium tumefaciens GV3101 as described by An (1987) . Arabidopsis was transformed via Agrobacteriummediated transformation using the floral-dip method (Zhang et al. 2006) . Transgenic seedlings were selected on 1/2 MS medium supplemented with 100 mg ml -1 carbenicillin and 25 mg ml -1 kanamycin.
Cuticular wax analysis
Cuticular waxes were extracted from rosette and cauline leaves, stems and siliques of 4-to 5-week-old Arabidopsis by immersing in chloroform for 30 s. After addition of internal standards, n-octacosane, docosanoic acid and 1-tricosanol, solvent was evaporated under nitrogen gas. The cuticular waxes were dissolved in a mixture of bis-N,N-trimethylsilyl trifluoroacetamide (BSTFA, Sigma) and pyridine (1:1, v/v), and then treated at 100 C for 20 min. Finally, the mixture was evaporated under nitrogen gas, and dissolved in a mixture of heptane and toluene (1:1, v/v). The composition and amount of cuticular wax were measured using GC (GC-2010, Shimazu, Japan) with a 30 m DB-5 column (0.32 mm i.d., df = 0.25 mm, Agilent). The GC analysis was programmed as follows: 1.0 ml min -1 helium carrier gas, injection at 220 C and 3 min holding, an increase of 1 C min -1 to 300 C, an increase of 2 C min -1 to 320 C, and maintained at 320 C for 2 min.
SEM analysis
To examine epicuticular wax crystals on the surface of Arabidopsis stems, SEM analysis of wax was performed as described by Go et al. (2014) . Stems of 5-weekold WT, dewax2 and DEWAX2 OX1 plants were coated with platinum particles and observed by field-emission SEM (S4700, Hitachi, Tokyo, Japan) at 15 kV.
Water loss and Chl leaching assays
For the water loss assay, rosette leaves of 4-week-old WT, dewax2 and DEWAX2 OX plants were excised and incubated for 6 h in complete darkness. Leaves were soaked in water in complete darkness for 1 h, and then dried and weighed on a microbalance at the indicated time points. For Chl measurements, rosette leaves of 4-week-old plants were weighed, incubated on ice for 30 min and then immersed in 80% ethanol at 25 C. The extracted Chl contents were calculated by measuring absorbance at 647 and 664 nm using a spectrophotometer (Amersham Biosciences) as previously described (Lolle et al. 1998 ).
Subcellular localization
For nuclear staining, 10-day-old seedlings of transgenic Arabidopsis overexpressing DEWAX2:eYFP were immersed in 4',6-diamidino-2-phenylindole (DAPI) solution (5 mg ml -1 in phosphate-buffered saline) for 5 min at 25 C. The fluorescent signals were visualized with a YFP filter (excitation, 500 nm; emission, 535 nm) and a UV filter (excitation, 355 nm; emission, 450 nm) using a TCS SP5 AOBS/Tandem laser confocal scanning microscope (Leica).
Transactivation assay in tobacco protoplasts
To investigate the transcriptional activity of DEWAX2, DEWAX2 cDNA, which is fused to the Gal4 DNA-binding domain, was cloned into the XbaI and SacI sites in pBI221 vector and used as an effector construct. An effector construct containing a LexA DNA-binding domain fused in-frame with the VP16 gene was used in a transactivation assay to examine the ability of DEWAX2 to inhibit LexA-VP16 induction (He et al. 2005) . The reporter construct harbors a LUC gene driven by the CaMV 35S minimal promoter, which is downstream of the LexA-and Gal4-binding sites (LexA BS:Gal4 BS:35S MP::LUC). To construct the five recombinant plasmids (ACLA-2 P::LUC, LACS1P::LUC, LACS2P::LUC, KCS12P::LUC and CER1P::LUC), the putative promoter regions for five genes were amplified using gene-specific primers (Supplementary Table S2) , and the PCR products were cloned into the reporter plasmid GAL4-LUC using a specific restriction enzyme .
Tobacco protoplasts were isolated as described by Yoo et al. (2007) . Effector and reporter constructs were co-transfected into the tobacco protoplasts via the polyethylene glycol (PEG)-mediated transfection method. Briefly, to analyze the transcriptional repression activity of DEWAX2 on the promoters of downstream target genes, promoter regions were amplified and cloned into a reporter construct harboring the LUC gene under the control of the CaMV minimum 35S promoter (35S MP::LUC). Then, an effector construct and a pBI221 vector were co-transfected into tobacco leaf protoplasts, and incubated under dark conditions at 23
C for 20 h. Total protein extracted from protoplasts was subjected to enzymatic assays to quantify LUC activity using a dual-luciferase assay system (Promega). To measure GUS activity, the fluorogenic substrate 4-methylumbelliferyl b-D-glucuronide was added to total protein extracts. After the mixture was incubated for 1 h at 37 C, stop buffer (0.2 M Na 2 CO 3 ) was added. The activities of LUC and GUS were determined using a luminescence reader . LUC activity was normalized by the GUS activity.
Microarray analysis
Total RNA was isolated from the stems of 5-week-old Arabidopsis WT and DEWAX2 overexpression plants using the Nucleospin RNA Plant Extraction Kit according to the manufacturer's protocol (Macherey-Nagel). Three independent RNA samples were used to synthesize probes, which were hybridized with the Arabidopsis ATH1 GeneChip (Affymetrix). Affymetrix GeneChip arrays were scanned by a 3000 G7 scanner (Affymetrix). Image data were acquired and scaled using Affymetrix microarray suite 5.0 (MAS 5.0) software. For gene annotation, Gene Ontology and KEGG pathway databases (https://www.arabidopsis.org/portals/genAnnotation/functional_annotation/go.jsp; http://www. genome.jp/kegg-bin/show_pathway?ath01100) were used. Our microarray data have been deposited in the ArrayExpress database (https://www.ebi.ac. uk/arrayexpress) under accession number E-MTAB-5980.
ChIP-PCR assays
Transgenic CaMV35SP::DEWAX2:eYFP and CaMV35SP::eYFP seedlings grown on half-strength MS medium for 10 d were used to extract chromatin. The ChIP assay was carried out as described by Gendrel et al. (2005) . Precipitated DNA fragments were subjected to qRT-PCR analysis on the CFX96 Real-Time PCR system (Bio-Rad). The TA3 (At1g37110) gene served as the normalization gene (calculation of dCt). An empty vector control (CaMV35SP::eYFP seedling) served as the calibrator (calculation of ddCt). Gene-specific primers are described in Supplementary Table S2 .
Supplementary Data
Supplementary data are available at PCP online.
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